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Abstract Knowledge of the average density of the crust of a planet is important in determining its
interior structure. The combination of high-resolution gravity and topography data has yielded a low density
for the Moon’s crust, yet for other terrestrial planets the resolution of the gravity ﬁeld models has hampered
reasonable estimates. By using well-chosen constraints derived from topography during gravity ﬁeld model
determination using satellite tracking data, we show that we can robustly and independently determine
the average bulk crustal density directly from the tracking data, using the admittance between topography
and imperfect gravity. We ﬁnd a low average bulk crustal density for Mars, 2582 ± 209 kgm−3. This bulk
crustal density is lower than that assumed until now. Densities for volcanic complexes are higher, consistent
with earlier estimates, implying large lateral variations in crustal density. In addition, we ﬁnd indications that
the crustal density increases with depth.
Plain Language Summary Knowledge of the structure of the crust of a planet is important
because it informs us about the formation and evolution of the planet. The GRAIL mission to the Moon has
showed us that the density of the Moon’s crust is lower than assumed. This indicates the inﬂuence of impact
craters on the Moon’s history. For Mars, the models that we have of its gravity ﬁeld (which gives information
about the interior of the planet) are thought to be of poor quality to do similar studies as at the Moon. Here
we show how we can obtain a value for the bulk density of Mars’ crust. Our value is lower than the density
that has been assumed until now. We also ﬁnd strong variations of density on Mars, highlighting the
diﬀerences between the volcanoes and southern highlands. We show new models of the thickness of Mars’
crust. Our novel approach can be used for other planets for which we know both gravity and topography.
1. Introduction
The crust of a terrestrial planet is the result of diﬀerentiation processes in its early history, followed by mag-
matic evolution of the planetary surface [e.g., Wieczorek and Zuber, 2004]. Characterization of the crustal
structure thus provides important constraints on a planet’s formation and subsequent evolution. The aver-
age bulk density of the crust is a fundamental parameter in geophysical studies, for example, in determining
the planet’s crustal thickness [e.g., Neumann et al., 2004], the mechanisms of its topographic support [e.g.,
Belleguic et al., 2005], and its thermochemical evolution [e.g., Schumacher and Breuer, 2006]. Yet even with in
situ samples the crustal density is diﬃcult to determine unambiguously, as exempliﬁed by the Gravity and
Interior Laboratory (GRAIL) mission [Zuber et al., 2013], which found an average crustal density for the Moon
thatwasmuch lower than generally assumed [Wieczorek et al., 2013]. These results were possible owing to the
combination of the high-resolution gravity data obtained byGRAIL, the high-resolution topography obtained
by the Lunar Orbiter Laser Altimeter (LOLA) on board the Lunar Reconnaissance Orbiter [Smith et al., 2016],
and the high correlations between gravity and topography at short wavelengths.
For a geophysical model of a planet based on the spherical thin elastic shell approximation [Turcotte et al.,
1981], the relationbetweengravity and topography, called admittance, canbeexpressed analytically. For such
amodel, the correlation between gravity and topography is 1 by deﬁnition, and it can be shown that for suﬃ-
ciently high spherical harmonic degree, the dependence of the admittance on the elastic thickness vanishes
and it approaches an asymptotic value that is only dependent on the crustal density [Wieczorek et al., 2013].
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Currently, topography for Mars [Wieczorek, 2015] and the Moon [Smith et al., 2016] is nearly noise free at the
resolution of existing gravity ﬁeld models. However, the resolution of gravity ﬁeld models is often deemed
too low for terrestrial planets such asMercury, Venus, andMars, for such amethod based on admittance to be
successful. We note that a pre-GRAIL estimate for theMoon using lower resolution gravity actually hinted at a
lower crustal density [HuangandWieczorek, 2012]. As a consequence, densities covering a conservative range
between2700 kgm−3 and3100 kgm−3 are usually adopted for the terrestrial planets [e.g.,Padovanetal., 2015;
James et al., 2013;Wieczorek and Zuber, 2004]. For Mars in particular, locally lower upper crustal densities [e.g.,
Nimmo, 2002] as well as higher crustal densities based on petrological considerations [e.g., Baratoux et al.,
2014] have been advocated, resulting in an average value for crustal density of 2900 kgm−3 [e.g., Neumann
et al., 2004]. To the extent that these results were based on gravity, they used earlier gravity ﬁeld mod-
els with limited resolution [e.g., Nimmo, 2002]. In addition, known higher densities for the volcanoes [e.g.,
Belleguic et al., 2005] and low densities at the south pole [e.g., Wieczorek, 2008] indicate the possibility of
signiﬁcant lateral density variations, with most notably the dichotomy between the northern and southern
hemispheres [e.g., Belleguic et al., 2005; Pauer and Breuer, 2008]. The presence of subsurface loading further
complicates the interpretation of admittance [e.g.,McGovern et al., 2002, 2004; Belleguic et al., 2005; Grott and
Wieczorek, 2012].
Planetary gravity ﬁeldmodels are determined from satellite tracking data and are usually expressed in spher-
ical harmonics. These basis functions have global support, but because the spatial sensitivity of tracking data
always varies, regularization is needed to ensure a smooth model without spurious power. In gravity ﬁeld
determination, the regularization (or constraint) of choice is often based on the Kaula rule [Kaula, 1966]: it
forces the coeﬃcients toward 0 with an expectation according to the applied rule B∕n2, which counters the
noise and suppresses power at higher spherical harmonic degrees n (supporting information). The parame-
ter B is a constant speciﬁc to the planet. Noise, more prevalent in the higher degrees, also naturally decreases
correlations with topography [Wieczorek, 2015]. Consequently, for theoretical models where correlations are
unity by deﬁnition, admittance modeling is only used in the degree range for which the correlations are
deemed suﬃciently high, and themodel is robust. The generally lowdegree values used for terrestrial planets
mean that the admittance for a given crustal density is not yet independent of the elastic thickness.
2. Methods and Veriﬁcation
Consider the covariance matrix (𝜆P)−1, where 𝜆 is a scale factor, applied as a constraint to the problem of
determining a gravity ﬁeldmodel from satellite tracking data (supporting information). After the kth iteration
in a Gauss-Newton least squares estimator [Seber and Wild, 1989], the solution using a standard Kaula con-
straint (which is diagonal) results in xk+1 → 0when 𝜆→∞ since the preferred model state is chosen to be 0.
However, we aim to construct a solution that correlates well with topography, without forcing the solution to
be exactly the topography solution, i.e., we seek a constraint that leaves a part of the model space to be fully
determined by the data, not the constraint. We assume some preferred a priori gravity model of M parame-
ters, written as the vector xa, with nonzero elements. Next, we assume that a bulk density of the crust 𝜌c can
describe most of the gravity signal, especially at higher degrees, so that, for example, x = xa𝜌c, where in this
case xa are the coeﬃcients of an expansion of gravity-from-topography. We can then choose the following
attendant inverse covariance matrix:
P = F
(
I − 1
M
11T
)
F, (1)
where F is anM×M diagonalmatrix such that Fii = 1∕(xa)i , I is anM×M identitymatrix, and 1 is anM×1 vector
of ones. We also note that we can write xa𝜌c = F−11𝜌c. The corresponding P−1 assigns inﬁnite variance in the
direction of xa, whereas in all directions orthogonal to xa the preferred model state is still 0. This constraint is
chosen such that for 𝜆 → ∞, the kth iteration for such a solution results in xk+1 = 𝛼kxa, with 𝛼k a scale factor
that is completely determined by the data and thus fully independent of the chosen constraint (supporting
information). In other words, our constraint can be seen as a transformation of the equation system from the
spherical harmonic basis to a new system, where one basis vector of the new system is spanned by xa. Our
constraint aﬀects all directions (the extent to which depends on the factor 𝜆) except the xa direction.
If we choose xa to be the coeﬃcients of an expansion in spherical harmonics of gravity computed from topog-
raphy using some constant density 𝜌0 [Wieczorek and Phillips, 1998], then it follows that for 𝜆 → ∞ the
correlations between the estimated gravity and gravity-from-topography will be ± 1. Moreover, if, as stated
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above, we assume that the estimated gravity can be expressed as the contribution of surface relief with the
density 𝜌estim, then for 𝜆 →∞ it follows that 𝜌estim = 𝛼k ⋅ 𝜌0 (supporting information). In this way, our solution
determines the density 𝜌estim through the factor 𝛼k (which is completely determined by the data). Therefore,
our model density 𝜌estim is independent of the density 𝜌0 used for the constraint. In the limit of 𝜆 → ∞, our
constraint thus equals the Bouguer correction [Wieczorek and Phillips, 1998], the ﬁrst-order approximation of
the gravity ﬁeld at high degrees.Moreover, with our constraint the density for the Bouguer correction is deter-
mined directly from the data. This is diﬀerent from the standardway inwhich crustal densities are determined
from an already existing gravity ﬁeld model (often derived using a Kaula constraint).
Next, we can compute the eﬀective density spectrum, deﬁned as the ratio of the cross-power between esti-
mated gravity and gravity-from-topography, and the autopower of gravity-from-topography [Wieczorek et al.,
2013]. This spectrum represents the average crustal density as a function of spherical harmonic degree n,
under the assumption of uncompensated topography. The scale factor 𝜆 determines the strength of the con-
straint. For reasonably small values of 𝜆, the eﬀective density spectrum will have variations, as we will show,
fromwhich laterally varying densities can be inferred, despite the assumption of constant density in the com-
putation of xa (used in both the constraint and computation of eﬀective density). Lateral density variations
were determined using GRAIL data in the exact same way [e.g., Wieczorek et al., 2013; Besserer et al., 2014].
These variations eﬀectively mean that 𝛼k varies per degree n for small values of 𝜆: the estimated eﬀective
density varies per degree such that 𝜌estim(n) = 𝛼k(n) ⋅ 𝜌0. For the case 𝜆 → ∞, the eﬀective density collapses
to one value for all degrees n, namely, 𝜌estim = 𝛼k ⋅ 𝜌0. We thus eﬀectively estimate the asymptotic value of
the admittance directly from the data. Because our constraint has 1 degree of freedom, i.e. 𝛼k , we call these
constraints “rank minus one” (RM1).
To verify that our constraint estimates the correct crustal density, we apply it to the data part of the least
squares system of the pre-GRAIL model SGM150J [Goossens et al., 2011]. This model uses tracking data from
the Japanese Kaguya mission and is valid globally up to degree n = 70. Its resolution thus falls short of
the range used by GRAIL to determine the eﬀective density [Wieczorek et al., 2013]. For our constraint, we
chose xa as the gravity computed from topography following Wieczorek and Phillips [1998], based on the
LOLA data [Smith et al., 2016]. For simplicity, we use a “unit” density of 1000 kgm−3 for 𝜌0, but we note that
any other density would be translated into the same ﬁnal model density 𝜌estim when we compute the eﬀec-
tive density spectrum. We apply the constraint for n ≥ 50. A model based on GRAIL extended mission
data, GRGM900C [Lemoine et al., 2014], serves as truth given that it is constraint-free for the degree range of
SGM150J.
In Figure 1awe show the eﬀective density for severalmodels. Our newmodel derivedwith the RM1 constraint
follows the independent GRGM900C results very closely. The variations in the eﬀective density spectrum are
larger for the SGM150J with the RM1 constraint than those for GRGM900C. This is because the quality of the
SGM150J and the GRAIL data sets is vastly diﬀerent, with up to 3 orders of magnitude diﬀerence in the level
of uncertainty [e.g., Lemoine et al., 2013]. Thus, even for systems that are not nearly as well resolved as GRAIL’s,
and therefore have an eﬀective resolutionwell below the degreewhere the admittance becomes asymptotic,
we can still obtain a reliable estimate of the bulk density. By taking the uniformly weighted average of the
density between degrees n = 60 and n = 130, we ﬁnd a value of 2587 ± 54 kgm−3 for GRGM900C, and 2579
± 75 kgm−3 for the SGM150Jmodel with the RM1 constraint. The uncertainties are obtained by averaging the
variations in eﬀective density around the obtained density value, using the same degree range. Both these
values compare well to the GRAIL value of 2550± 18 kgm−3 fromWieczorek et al. [2013] which used a degree
range of n = 150–310 for the averaging. We note that using the newer model GRGM900C over the same
range results in a density of 2515 ± 25 kgm−3, slightly lower than the 2550 kgm−3 value, possibly due to an
underestimation of the contribution from gravity-from-topography.
In Figure 1b we show the correlations between gravity and gravity-from-topography. The correlations with
gravity-from-topography for the model with our constraint match the correlations of the GRAIL model very
closely, despite the fact that the original SGM150Jmodel only follows the GRAIL correlations up to n = 60.We
further test our constraint on the GRAIL primary mission data system and obtain similar results (supporting
information and Figure S1). The results in Figure 1 use a damping factor 𝜆 = 10, and by increasing 𝜆, the
variations in eﬀective density become smaller because we are moving toward estimating only a single scale
factor, 𝛼k , which then determines one eﬀective density for the entire degree range over which the constraint
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Figure 1. (a) Eﬀective density for various lunar gravity ﬁeld models: a pre-GRAIL model (SGM150J), a GRAIL model with
extended mission data (GRGM900C), and a model based on the SGM150J least squares system using our new “rank
minus one” (RM1) constraint. (b) Correlations between gravity models and gravity-from-topography.
is applied (supporting information Figure S2). Correlations become close to unity as 𝜆 increases (see also
Figure 2b below), but the path toward unity correlations is determined by both the data and constraint. For a
factor𝜆 = 10, the data still determine a large part of the solution (as indicated by the dropping correlations for
high degrees in Figure 1b), so it is an important result that the RM1model with the SGM150J matrix matches
the correlations of the independent GRAIL model with superior data (see also supporting information and
Figure S3).
Figure 2. (a) Eﬀective density for the Mars model GMM-3 and for models using our constraint with diﬀerent damping
parameters. The dashed box indicates the minimum and maximum of the estimated density taken from the estimated
errors, and the degree range over which the averaging was done. (b) Correlations between gravity and gravity-from-
topography for the same Mars gravity models. (c) An example of how density on Mars can vary laterally, computed
from localized eﬀective density spectra averaged between degrees n = 50 and n = 85, using our degree and order
150 RM1 model based on GMM-3 data (see supporting information). (d) Localized correlations between gravity
and gravity-from-topography. The maps are in Mollweide projection centered on the prime meridian, shaded by
topography.
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3. Results for the Crustal Density of Mars
We now apply our method to determine the bulk crustal density of Mars. Recent global Mars models [Genova
et al., 2016; Konopliv et al., 2016] are valid up to about degree and order 85. We use the data part of the least
squares system of the recent GMM-3model, a gravity ﬁeldmodel estimated to degree and order 120 [Genova
et al., 2016]. For analysis purposes, we also generate partial derivatives of the Mars Reconnaissance Orbiter
(MRO) measurements with respect to gravity coeﬃcients up to degree and order 150, resulting in a data sys-
tem of larger size (supporting information). We exclude the Kaula constraint that was applied for n> 90 for
this model. We compute gravity-from-topography using the MarsTopo2600 topography model [Wieczorek,
2015], again using a “unit” density of 1000 kgm−3. We apply the RM1 constraint for degrees n ≥ 50 (using the
constraint for n ≥ 85 changes the correlation spectrum but not the eﬀective density results; see supporting
information Figure S4).
In Figure 2awe show the eﬀective density for GMM-3 andmodels using the RM1 constraint. While the GMM-3
model already shows a relatively constant eﬀective density, it quickly decreases after degree n = 85. This is a
result of the Kaula constraint which forces the solution to 0, especially at higher degrees where the data are
not strong enough to fully determine the model. With our RM1 constraint we can extend the degree range
over which the density is stable, which makes its estimate much more reliable. We further conﬁrm this by
comparing the eﬀective density spectrum of thesemodels with that resulting from the unconstrained GMM3
solution and with that of the additional degree and order 150 solution (supporting information Figure S5).
While the unconstrained solution shows large, unrealistic variations, its average is followed closely by our RM1
solution, indicating that our RM1 solution is able to extract further information from the datawhich otherwise
gets suppressed in standardmodels derived with a Kaula constraint. The RM1 result thus extends the density
spectrum into thehigher spherical harmonicdegree range,wheregravity ismore andmoreexpected to follow
topography closely and where the admittance is determined by the crustal density.
We ﬁnd a bulk crustal density for Mars of 2582 ± 209 kgm−3. This value is determined as the average bulk
density and its variation from a set of 1093 clone ﬁelds (supporting information) over the degree range
n = 30–115 (diﬀerent ranges donot aﬀect the resultwithin this uncertainty). The clone ﬁelds are an ensemble
of solutions of the same statistical family [Lemoine et al., 2014], capturing the variations from the full covari-
ance. The value of the asymptotic density (obtained for large 𝜆, Figure 2a) is 2597 kgm−3, consistent with
our estimate.
In Figure 2bwe show the correlations per degree between gravity and gravity-from-topography. Correlations
for the RM1 model are much higher and stable than those for GMM-3, and they increase steadily between
n = 60 and n = 90. The sudden increase in the correlation values for large values of 𝜆 (for which correlations
approach unity) does not inﬂuence the eﬀective density, as was the case when applying the RM1 constraint
for either n ≥ 50 or n ≥ 85 (supporting information Figure S3). The admittance reaches its asymptotic value at
larger degrees n forMars than for theMoon (supporting information Figure S6), and global admittance values
for Mars become stable after around degree n = 25 [e.g., Konopliv et al., 2006], indicating that the admittance
already is nearly independent of elastic thickness. The admittance spectrum for Mars is represented best by
a theoretical model with high values for the elastic thickness Te (supporting information Figure S7), which
means that the asymptotic value is reached at lower degrees than it would be for low Te values. Previous
studies in general ﬁnd values for Te for Mars that are larger than 50 km; see Johnson et al. [2000], Neumann
et al. [2004], Belleguic et al. [2005], Audet [2014], and discussions and further references in Wieczorek [2015],
although locally small values are possible [McGovern et al., 2004]. For large values of Te the admittance is not
dependent on Te at high degrees. The asymptotic value of the admittance depends only on the crustal density
(supporting information Figure S8), and it is this asymptotic value that we are estimating when we apply our
constraint, further circumventing the dependence on elastic thickness.
We further investigate the inﬂuence of Te on our density estimate by comparing theoretical admittance
using the thin shell approximation [Turcotte et al., 1981] with measured admittance using the RM1 model.
We assume a crustal thickness of 43 km (see also section 4) and vary Te and the crustal density. We compute
the root-mean-square of the diﬀerences between measured and modeled admittance for a given range of
degrees. If we include low degrees, n = 10–115, we ﬁnd a reasonably well-deﬁned minimum in Te-density
space (supporting information Figure S9). If we do not include the lowest degrees, n = 30–115, we ﬁnd that
the results become less sensitive to Te. Results for both degree ranges indicate that low Te values are unlikely
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(on the global scale that we are mostly considering), and both results produce density estimates that are
consistent with what we obtain from the eﬀective density spectrum, conﬁrming that our bulk density value
is mostly independent of Te.
Weprefer solutionswithweaker constraints (lower valuesof𝜆) because those result in amore realistic eﬀective
density spectrum, as we have shown with our lunar test cases. The Mars results (Figure 2a and supporting
information Figures S4 and S5) also indicate that the results using lower values of 𝜆 maintain the eﬀective
density spectrum up to higher degrees, extending the value and shape from the spherical harmonic range
that was already fully determined by the data (up to n = 80), whereas the density for the Kaula model quickly
decreases. The RM1 constraint thus makes the eﬀective density spectrum more stable and the density value
derived from it more robust (supporting information). Low values for 𝜆 also mean that the resulting model is
not forced tobe equal to gravity-from-topography (which itwill be for large values of𝜆), and this also allows us
to perform an admittance analysis of the resulting model as described above. Our RM1 constraint still results
in a meaningful density for large values of 𝜆, because that allows us to estimate the asymptotic density value
(Figure 2a), in contrast to the Kaula constraint which would result in 0 for large values of 𝜆.
We stress that our bulk crustal density estimate is a global average, a consequence of averaging a degree
range in spherical harmonics which ignores lateral variations [e.g.,Wieczorek et al., 2013]. This bulk density is
important for global modeling, and we derive our value robustly from the available data and from geophys-
ical considerations. Our value for the bulk crustal density of Mars falls below the wide conservative range of
2700–3100 kgm−3 that is generally used. Lower crustal densities forMars have been advocated for local areas
such as at the dichotomy [e.g., Nimmo, 2002], Valles Marineris [e.g.,McGovern et al., 2002; Beuthe et al., 2012],
and the Thaumasia highlands [e.g., Beuthe et al., 2012]. On the other hand, volcanic complexes on Mars such
as the Tharsis province are considered to have higher densities [e.g., Belleguic et al., 2005; Beuthe et al., 2012],
and known observations from widespread Martian meteorites and samples also favor higher densities [e.g.,
Baratoux et al., 2014], indicating that strong lateral density variations are likely.
The variations in the eﬀective density spectrum are indicative of lateral density variations (supporting infor-
mation). The variations for Mars are larger than those for the Moon (see Figure 1a). While part of this can
be noise in the data (the variations in the SGM150J-RM1 spectrum are larger than those in the GRGM900C
spectrum; see also supporting information Figure S3), we also note that these variations for Mars are already
present in the degree range where the solutions are fully determined by the data (for n ≤ 80, see also sup-
porting information Figure S5). By applying localized spectral analysis followingWieczorek and Simons [2005],
we can explore local density variations. By localizing the gravity and gravity-from-topography coeﬃcients
over the Tharsis area, and by computing a localized eﬀective density spectrum, we ﬁnd a value of 3231 ±
95 kgm−3 using the same RM1 solution (supporting information and Figure S10), in agreement with earlier
results: Belleguic et al. [2005] ﬁnd 3266 kgm−3 and McGovern et al. [2004] ﬁnd 3250 kgm−3, and these results
are further conﬁrmed by Beuthe et al. [2012]. This strengthens our conﬁdence in the global result further: both
the lower bulk crustal density and the expected higher densities over the volcanic complexes can be esti-
mated from one and the same model using our RM1 constraint. We note that in this case the model with the
Kaula constraint does not result in a stable eﬀective density spectrum (supporting information Figure S10)
but instead results in a divergent and unrealistic density.
We further explore lateral density variations by localizing the eﬀective density spectrum (see supporting infor-
mation for details). Our local density results are limited, however, by the current resolution of the gravity
ﬁeld models, which does not allow a similar robust treatment as was possible with the GRAIL results [Besserer
et al., 2014; Han et al., 2014]. Correlations with topography (Figure 2d) are low in the northern hemi-
sphere, which complicates the admittance interpretation due to the likely presence of bottom loading [e.g.,
McGovern et al., 2002]. We are most conﬁdent about our density estimates in areas with a correlation with
gravity-from-topography larger than 0.8 (supporting information Figure S11), which covers mostly the vol-
canic complexes and parts of the southern hemisphere, possibly due to better data resolution there [Genova
et al., 2016]. Because of limited resolution, our local analysis using multiple tapers often shows large oscilla-
tions in the eﬀective density spectrum, resulting in relatively low densities inmany areas (see also supporting
information). Our density map (Figure 2c) thus only serves as an illustration of how density can vary laterally
on Mars. Nonetheless, we ﬁnd global density variations that are broadly consistent with earlier ﬁndings: den-
sities over the volcanic complexes are relatively high, while the northern hemisphere is in generalmore dense
than the southern hemisphere [e.g., Belleguic et al., 2005].
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Figure 3. Crustal thickness for Mars: (a) applying a constant, standard density of 2900 kgm−3, (b) applying a laterally
varying density using our new global density estimate of 2582 kgm−3, with a density of 2900 kgm−3 over volcanic
complexes, (c) applying our example of laterally varying density as shown in Figure 2c. The map projections are the
same as the maps in Figure 2.
4. Discussion
The results for GRAIL indicated that at the Moon, the density for the non-Mare regions increases with
depth [Besserer et al., 2014; Han et al., 2014]. This was derived from the negative trend with increasing degree
that theMoon’s eﬀective density spectrum shows, and this is consistent with a decrease of porosity. For Mars,
our results also show such a negative trend (Figure 2a). This trend (ﬁtted between n = 40 and 100, supporting
information Figure S12 and S13) is found to be consistent throughout our set of clone models, and it is
consistent with various degree ranges. The trend is stronger than found with GRAIL for the Moon over the
same degree range, perhaps due to Mars’ higher surface gravity, higher pressure gradients, and larger crustal
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temperatures [e.g., Baratoux et al., 2014]. While we note that it is not clear that this trend will be the same at
higher degrees (the resolution of GRAIL) due to the lower resolution of the Mars data, this would imply that
large-scale porosity can play a role in determining the crustal structure of Mars [e.g., Pauer and Breuer, 2008]
much in the same way that it does for the Moon. Our low bulk crustal density can then be explained through
porosity, andwith a grain density conservatively chosen at 3100 kgm−3 the resulting porosity varies between
10% and 23% (close to the lunar values). A bulk density lower than the mineral grain density can also be
obtained when water or ice ﬁlls pore space. However, considering meteorite densities and a porosity of 12%,
this would only reduce the crustal density by 200 kgm−3 [Pauer and Breuer, 2008; Baratoux et al., 2014].
With strong indications of varying crustal densities on Mars, it is to be expected that the increase of density
with depth will also vary geographically. While our global eﬀective density spectrum shows a negative trend,
our local spectrum for Pavonis (supporting information Figure S10) is mostly ﬂat, suggesting a mostly con-
stant density in the crust in that location. We explored analytic models for the global admittance based on
increasing density with depth [Han et al., 2014] (supporting information and Figure S14). While overall the
results are consistentwithmodelswith porosity closure at depth,we found that the resolution of current grav-
ity ﬁeld models is not suﬃcient to unambiguously determine parameters such as the surface density, density
gradient, or e-folding depth [Besserer et al., 2014; Han et al., 2014].
Crustal density is one of the driving parameters when determining the crustal thickness. To investigate the
eﬀects of a lower crustal density, we present two new crustal thickness models in Figure 3, based on two
diﬀerent density maps, along with a model based on the standard density value of 2900 kgm−3 (Figure 3a).
Of our two new density models, one applies the global low value of 2582 kgm−3 and a higher value for vol-
canic complexes (Figure 3b, and see supporting information Figure S15 for this density map), and the other
applies our example of how density may vary laterally (Figure 3c). Other parameters for our crustal thick-
ness computations (supporting information) are similar to those from earlier studies [Neumann et al., 2004;
Wieczorek and Zuber, 2004; Genova et al., 2016]. We use uniform densities for the crust despite indications of
depth dependency, because we cannot estimate the parameters of such a model with conﬁdence (see also
supporting information). All our models assume an average crustal thickness of 42 km. Because of the lower
densities, variations at the crust-mantle boundary are generally smaller, resulting in a crustal thickness map
that is smoother than that using a larger density. The minimum increases from close to 0 km for a constant
density of 2900 kgm−3 to 13 km for the new density values. We note that these results thus indicate the pos-
sibility of a thinner mean crustal thickness for Mars, if one assumes that the minimum is likely to be close
to 0 km.
5. Conclusions
We have shown how our RM1 constraints can be used to robustly and independently determine the bulk
crustal density, and we applied it to current gravity ﬁeld models for Mars based on satellite tracking data. Our
lower crustal density for Mars is close to that obtained for theMoon, and our results indicate lateral variations
in density.We found indications that density increaseswith depth, although the currentmodel resolutions are
too low to unambiguously determine parameters such as surface density or density gradients. A lower crustal
density for Mars can be explained through the eﬀects of porosity, for example, obtained through impact cra-
tering. Our RM1 constraint is also applicable to other celestial bodies for which we have knowledge of both
the topography and gravity ﬁeld.
References
Audet, P. (2014), Toward mapping the eﬀective elastic thickness of planetary lithospheres from a spherical wavelet analysis of gravity and
topography, Phys. Earth Planet. Inter., 226, 48–82, doi:10.1016/j.pepi.2013.09.011.
Baratoux, D., H. Samuel, C. Michaut, M. J. Toplis, M. Monnereau, M. Wieczorek, R. Garcial, and K. K. Kurita (2014), Petrological constraints on
the density of the Martian crust, J. Geophys. Res. Planets, 119, 1707–1727, doi:10.1002/2014JE004642.
Belleguic, V., P. Lognonné, and M. Wieczorek (2005), Constraints on the Martian lithosphere from gravity and topography data, J. Geophys.
Res., 110, E11005, doi:10.1029/2005JE002437.
Besserer, J., F. Nimmo, M. A. Wieczorek, R. C. Weber, W. S. Kiefer, P. J. McGovern, J. C. Andrews-Hanna, D. E. Smith, and M. T. Zuber
(2014), GRAIL gravity constraints on the vertical and lateral density structure of the lunar crust, Geophys. Res. Lett., 41, 5771–5777,
doi:10.1002/2014GL060240.
Beuthe, M., S. Le Maistre, P. Rosenblatt, M. Pätzold, and V. Dehant (2012), Density and lithospheric thickness of the Tharsis Province from
MEX MaRS and MRO gravity data, J. Geophys. Res., 117, E04002, doi:10.1029/2011JE003976.
Genova, A., S. Goossens, F. Lemoine, E. Mazarico, G. Neumann, D. Smith, and M. Zuber (2016), Seasonal and static gravity ﬁeld of Mars from
MGS, Mars Odyssey and MRO radio science, Icarus, 272, 228–245, doi:10.1016/j.icarus.2016.02.050.
Acknowledgments
The data used in this study are all
available in the Geosciences Node
of the NASA Planetary Data System.
The supporting information include
spherical harmonic coeﬃcients of a
Mars gravity model derived with our
new constraint. This model, along
with the derived density map and
crustal thickness models, will also
be available on our data portal at
https://pgda.gsfc.nasa.gov. We thank
the NASA Center for Climate Simula-
tion at NASA Goddard Space Flight
Center for the use of their compu-
tational resources. S.G. and T.J.S.
acknowledge funding from NASA
grant NNX15AJ65G.
GOOSSENS ET AL. LOWBULK CRUSTALDENSITY FORMARS 7693
Geophysical Research Letters 10.1002/2017GL074172
Goossens, S., et al. (2011), Improved high-resolution lunar gravity ﬁeld model from SELENE and historical tracking data, Abstract P44B-05
presented at 2011 Fall Meeting, AGU, San Francisco, 5–9 Dec.
Grott, M., and M. A. Wieczorek (2012), Density and lithospheric structure at Tyrrhena Patera, Mars, from gravity and topography data, Icarus,
221, 43–52, doi:10.1016/j.icarus.2012.07.008.
Han, S.-C., N. Schmerr, G. Neumann, and S. Holmes (2014), Global characteristics of porosity and density stratiﬁcation within the lunar crust
from GRAIL gravity and LOLA topography data, Geophys. Res. Lett., 41, 1882–1889, doi:10.1002/2014GL059378.
Huang, Q., and M. A. Wieczorek (2012), Density and porosity of the lunar crust from gravity and topography, J. Geophys. Res., 117, E05003,
doi:10.1029/2012JE004062.
James, P. B., M. T. Zuber, and R. J. Phillips (2013), Crustal thickness and support of topography on Venus, J. Geophys. Res. Planets, 118,
859–875, doi:10.1029/2012JE004237.
Johnson, C. L., S. C. Solomon, J. W. Head, R. J. Phillips, D. E. Smith, and M. T. Zuber (2000), Lithospheric loading by the Northern Polar Cap on
Mars, Icarus, 144, 313–328, doi:10.1006/icar.1999.6310.
Kaula, W. M. (1966), Theory of Satellite Geodesy, Applications of Satellites to Geodesy, Blaisdell Publ. Comp., Waltham, Mass.
Konopliv, A. S., C. F. Yoder, E. M. Standish, D. N. Yuan, and W. L. Sjogren (2006), A global solution for the Mars static and seasonal gravity,
Mars orientation, Phobos and Deimos masses, and Mars ephemeris, Icarus, 182, 23–50, doi:10.1016/j.icarus.2005.12.025.
Konopliv, A. S., R. S. Park, andW. M. Folkner (2016), An improved JPL Mars gravity ﬁeld and orientation fromMars orbiter and lander tracking
data, Icarus, 274, 253–260, doi:10.1016/j.icarus.2016.02.052.
Lemoine, F. G., et al. (2013), High-degree gravity models from GRAIL primary mission data, J. Geophys. Res. Planets, 118, 1676–1698,
doi:10.1002/jgre.20118.
Lemoine, F. G., et al. (2014), GRGM900C: A degree-900 lunar gravity model from GRAIL primary and extended mission data, Geophys. Res.
Lett., 41, 3382–3389, doi:10.1002/2014GL060027.
McGovern, P. J., S. C. Solomon, D. E. Smith, M. T. Zuber, M. Simons, M. A. Wieczorek, R. J. Phillips, G. A. Neumann, O. Aharonson, and
J. W. Head (2002), Localized gravity/topography admittance and correlation spectra on Mars: Implications for regional and global
evolution, J. Geophys. Res., 107(E12), 5136, doi:10.1029/2002JE001854.
McGovern, P. J., S. C. Solomon, D. E. Smith, M. T. Zuber, M. Simons, M. A. Wieczorek, R. J. Phillips, G. A. Neumann, O. Aharonson, and
J. W. Head (2004), Correction to “Localized gravity/topography admittance and correlation spectra on Mars: Implications for regional and
global evolution”, J. Geophys. Res., 109, E07007, doi:10.1029/2004JE002286.
Neumann, G. A., M. T. Zuber, M. A. Wieczorek, P. J. McGovern, F. G. Lemoine, and D. E. Smith (2004), Crustal structure of Mars from gravity
and topography, J. Geophys. Res., 109(E08002), doi:10.1029/2004JE002262.
Nimmo, F. (2002), Admittance estimates of mean crustal thickness and density at the Martian hemispheric dichotomy, J. Geophys. Res.,
107(E11), 5117, doi:10.1029/2000JE001488.
Padovan, S., M. A. Wieczorek, J.-L. Margot, N. Tosi, and S. C. Solomon (2015), Thickness of the crust of Mercury from geoid-to-topography
ratios, Geophys. Res. Lett., 42, 1029–1038, doi:10.1002/2014GL062487.
Pauer, M., and D. Breuer (2008), Constraints on the maximum crustal density from gravity topography modeling: Applications to the
southern highlands of Mars, Earth Planet. Sci. Lett., 276, 253–261, doi:10.1016/j.epsl.2008.09.014.
Schumacher, S., and D. Breuer (2006), Inﬂuence of a variable thermal conductivity on the thermochemical evolution of Mars, J. Geophys.
Res., 111, E02006, doi:10.1029/2005JE002429.
Seber, G. A. F., and C. J. Wild (1989), Nonlinear Regression, Wiley, New York.
Smith, D. E., et al. (2016), Summary of the results from the Lunar Orbiter Laser Altimeter after seven years in orbit, Icarus, 283, 70–91,
doi:10.1016/j.icarus.2016.06.006.
Turcotte, D., R. Willemann, W. Haxby, and J. Norberry (1981), Role of membrane stresses in the support of planetary topography, J. Geophys.
Res., 86(B5), 3951–3959, doi:10.1029/JB086iB05p03951.
Wieczorek, M. A. (2008), Constraints on the composition of the Martian south polar cap from gravity and topography, Icarus, 196, 506–517,
doi:10.1016/j.icarus.2007.10.026.
Wieczorek, M. A. (2015), Gravity and topography of the terrestrial planets, in Treatise on Geophysics, 2nd ed., edited by G. Schubert,
pp. 153–193, Elsevier, Oxford, U. K., doi:10.1016/B978-0-444-53802-4.00169-X.
Wieczorek, M. A., and R. J. Phillips (1998), Potential anomalies on a sphere: Applications to the thickness of the lunar crust, J. Geophys. Res.,
103(E1), 1715–1724, doi:10.1029/97JE03136.
Wieczorek, M. A., and F. J. Simons (2005), Localized spectral analysis on the sphere, Geophys. J. Int., 162, 655–675,
doi:10.1111/j.1365-246X.2005.02687.x.
Wieczorek, M. A., and M. T. Zuber (2004), Thickness of the Martian crust: Improved constraints from geoid-to-topography ratios, J. Geophys.
Res., 109, E01009, doi:10.1029/2003JE002153.
Wieczorek, M. A., et al. (2013), The crust of the Moon as seen by GRAIL, Science, 339(6120), 671–675, doi:10.1126/science.1231530.
Zuber, M. T., et al. (2013), Gravity ﬁeld of the Moon from the Gravity Recovery and Interior Laboratory (GRAIL) mission, Science, 339(6120),
668–671, doi:10.1126/science.1231507.
GOOSSENS ET AL. LOW BULK CRUSTAL DENSITY FOR MARS 7694
